We performed a first-in-human clinical trial on ultrasound molecular imaging (USMI) in patients with breast and ovarian lesions using a clinical-grade contrast agent (kinase insert domain receptor [KDR] -targeted contrast microbubble [MB KDR ]) that is targeted at the KDR, one of the key regulators of neoangiogenesis in cancer. The aim of this study was to assess whether USMI using MB KDR is safe and allows assessment of KDR expression using immunohistochemistry (IHC) as the gold standard.
We performed a first-in-human clinical trial on ultrasound molecular imaging (USMI) in patients with breast and ovarian lesions using a clinical-grade contrast agent (kinase insert domain receptor [KDR] -targeted contrast microbubble [MB KDR ]) that is targeted at the KDR, one of the key regulators of neoangiogenesis in cancer. The aim of this study was to assess whether USMI using MB KDR is safe and allows assessment of KDR expression using immunohistochemistry (IHC) as the gold standard.
Methods Twenty-four women (age 48 to 79 years) with focal ovarian lesions and 21 women (age 34 to 66 years) with focal breast lesions were injected intravenously with MB KDR (0.03 to 0.08 mL/kg of body weight), and USMI of the lesions was performed starting 5 minutes after injection up to 29 minutes. Blood pressure, ECG, oxygen levels, heart rate, CBC, and metabolic panel were obtained before and after MB KDR administration. Persistent focal MB KDR binding on USMI was assessed. Patients underwent surgical resection of the target lesions, and tissues were stained for CD31 and KDR by IHC.
Results USMI with MB KDR was well tolerated by all patients without safety concerns. Among the 40 patients included in the analysis, KDR expression on IHC matched well with imaging signal on USMI in 93% of breast and 85% of ovarian malignant lesions. Strong KDR-targeted USMI signal was present in 77% of malignant ovarian lesions, with no targeted signal seen in 78% of benign ovarian lesions. Similarly, strong targeted signal was seen in 93% of malignant breast lesions with no targeted signal present in 67% of benign breast lesions.
INTRODUCTION
Ultrasound is a widely available, portable, and relatively inexpensive imaging modality used as a first-line imaging technique in patients with suspected breast or ovarian lesions. 1, 2 The introduction of molecularly targeted contrast microbubbles that can bind to certain molecules expressed in cancer has made ultrasound a molecular imaging modality that allows improved detection, characterization, and monitoring of cancer in preclinical studies. [3] [4] [5] [6] [7] [8] Contrast microbubbles are micron-sized, purely intravascular contrast agents consisting of a gaseous core contained by a shell. By functionalizing the shell with binding ligands to certain molecules, microbubble-enhanced ultrasound can visualize molecules such as kinase insert domain receptor (KDR), one of the key regulators of neoangiogenesis differentially expressed in various cancers including breast and ovarian cancer. [9] [10] [11] [12] [13] [14] Several preclinical studies have shown that KDR-targeted ultrasound molecular imaging (USMI) is a promising technique for cancer imaging. [15] [16] [17] [18] [19] [20] In those early preclinical studies, with one exception, 21 biotinylated ligands (used to bind to KDR or other targets) were attached to streptavidin-containing microbubble shells through biotin-streptavidin interactions. However, because streptavidin is immunogenic and can cause severe allergic reactions in patients, 22 ,23 USMI using these first-generation targeted contrast agents in patients has not thus far been translated to clinical practice. Recently, a novel clinical-grade KDRtargeted contrast microbubble (MB KDR ) has been designed by incorporating KDR-binding phospholipid-heteropeptides into lipid-shelled microbubbles without the use of biotin or streptavidin, and strong accumulation of MB KDR has been shown in various preclinical cancer models. [24] [25] [26] [27] [28] [29] [30] [31] The purpose of this study was to clinically translate USMI using MB KDR in a first-in-human clinical trial in patients with breast and ovarian lesions (Fig 1) .
METHODS

Study Design and Sample
This exploratory-phase, single-center, open-label, prospective, Health Insurance Portability and Accountability Act-compliant clinical study was approved by the local institutional review board, and informed consent was obtained from all patients. Between October 2012 and April 2014, patients referred to undergo surgery or biopsy of an ovarian or breast lesion were invited to participate in this clinical study (for more details on patient inclusion and methods, see Data Supplement). Twenty-four postmenopausal (ie, no menstrual period for at least 1 year) or perimenopausal women with ovarian lesions and 21 women with breast lesions scheduled for surgery or biopsy within 30 days after enrollment were included. Inclusion and exclusion criteria are summarized in the Data Supplement.
Procedures
MB KDR (BR55; Bracco, Geneva, Switzerland) was good manufacturing practice (GMP) synthesized as described previously.
24,25 Patients were monitored for any untoward medical occurrences from the time of signing the informed consent through 72 hours after intravenous contrast agent administration. All patients underwent baseline vital signs, pulse oximetry, ECG, blood tests, urinalysis, and, if applicable, b-human chorionic gonadotropin testing. For breast imaging, an Acuson Sequoia 512 (Siemens, Munich, Germany) clinical ultrasound scanner with a 15L8 transducer and, for ovarian imaging, a MyLab clinical ultrasound machine (Esaote, Florence, Italy) with an endocavitary 1123 transducer were used. Target lesions were first identified in bright (B) mode imaging followed by Doppler imaging. Imaging was then switched to contrast mode, and the transducer was kept at a location of the largest solid component in ovarian lesions and through the maximum central diameter of breast lesions. MB KDR was then manually bolus injected over a 10-second period, and USMI images were obtained continuously for 45 seconds to document MB KDR arrival in the target lesion. Ten-second imaging clips were then obtained at 5 minutes after MB KDR injection and then every 2 minutes until 29 minutes. MB KDR was injected in three distinct patient groups each at three different doses (0.03 mL/kg of body weight [bw], 0.05 mL/kg bw and 0.08 mL/kg bw), according to a predefined dose-escalation design. Each patient received one injection of the contrast agent at the assigned dose (Data Supplement).
Qualitative USMI analysis was performed by two radiologists in consensus, who were blinded to all clinical information except that patients were suspected to have either a breast or ovarian lesion. Both radiologists visually assessed stationary contrast enhancement likely representing binding of MB KDR to its target KDR (defined as focal enhancement still visible after freely circulating microbubbles had disappeared) on images acquired at all time points. Presence of focal enhancement was graded using the following three-grade visual scale: strong (well-defined and strong visual stationary targeted imaging signal), weak (enhancement is weak but considered stationary), or no enhancement (no focal stationary targeted imaging signal was detected in comparison with the rest of the organ). For breast lesions, because presumed normal surrounding breast tissue was available as control tissue within the field of view, quantitative analysis of the signal-to-background ratio (SBR) between the breast target lesion and surrounding breast tissue was also calculated. This quantitative analysis was not performed for the ovary data sets because normal ovarian tissue could not be definitively identified within the field of view for most of the target ovarian lesions.
After biopsy or surgery, standard protocols for collecting formalinfixed, paraffin-embedded tissue were followed, and the tissues were stained with hematoxylin and eosin 32 for histologic diagnosis. For immunohistochemical (IHC) analysis, consecutive tissue sections were stained for the vascular endothelial cell marker CD31 and for KDR. Semiquantitative IHC analysis of KDR expression was performed by two pathologists in consensus, and the grading system comprised the assessment of both intensity of the IHC signal per vessel and the estimate of the number of stained vessels per microscopic field at 3400. KDR staining was graded using the following four-point visual assessment score: no staining (no vessel stained); weak staining (few vessels stained with faint signal); moderate staining (most vessels stained with weak or moderate signal); and high staining (all vessels stained with strong signal).
At the conclusion of the independent blinded analysis of both USMI and pathology findings, one pathologist and the two radiologists matched the semiquantitative results of the two independent blinded readings in a consensus reading session. Specifically, the results were deemed to be matched if the following conditions were met: when USMI signal was strong or weak and KDR staining was high or moderate or when USMI signal was none and KDR staining was weak or none. See the Data Supplement for more information on methods used in this study.
Statistical Analysis
The sample size was defined to comply with the recent International Council for Harmonisation 33 recommendations for exploratory clinical trials to explore KDR-targeted USMI to visualize KDR expression in ovarian and breast lesions. Fisher's exact t tests were performed on the data to determine whether increasing dosage results in increased binding. Differences in binding duration among dosage levels were tested using an exact Kruskal-Wallis test stratified by tissue type (breast or ovary). P # .05 was considered statistically significant, and tests were performed using SAS Version 9.1.3 (SAS Institute, Cary, NC).
RESULTS
Demographic and clinical characteristics of the 45 patients imaged with MB KDR are provided in the Data Supplement.
Clinical Safety
Twelve (27%) of 45 patients reported 15 adverse events that were mild or moderate in intensity (Data Supplement); of these 12 patients, five (42%) had ovarian lesions and seven (58%) had breast lesions. No serious adverse events were reported, no patient died during the study, and no patient discontinued study participation as a result of an adverse event. In patients with ovarian lesions, none of the reported adverse events was considered by the local investigator to be related to MB KDR administration. In three patients with breast lesions, four adverse events were considered to be related to MB KDR administration. One patient reported lip pruritus and oral discomfort; both events were mild in intensity. One patient reported subjective hypertension of mild intensity, and one patient reported headache of moderate intensity. All patients recovered without sequelae and without any intervention.
No abnormal changes in physical examination results were observed from before to 24 hours after MB KDR administration. Similarly, no clinically significant changes from baseline in vital signs and ECG results were recorded after the administration of MB KDR (Data Supplement). Regarding laboratory values, the following three patients had a change from baseline value that was outside the predefined change limits: one patient showed an increase in RBC count from 5.5 to 6.3 3 10 12 /L; in one patient, AST increased from 33 to 44 U/L; and one patient with a baseline glucose value outside of normal limits showed an increase in blood glucose from 5.9 to 11.7 mmol/L. All changes were reported at 24 hours after MB KDR administration. None of the changes was considered to be clinically significant by the local investigator.
Feasibility of KDR-Targeted USMI and Comparison With Immunofluorescence
Clinical USMI using MB KDR was feasible in all patients on the clinically available equipment used in this study. In all patients, successful intravenous administration of the MB KDR with enhancement of the solid portion of the ovarian and breast target lesions during the bolus phase within the first 45 seconds was observed.
Ovarian lesions. Table 1 lists the histologic diagnoses of ovarian target lesions. Twenty-two (92%) of 24 target lesions were confirmed in the ovaries during surgery and used for further analysis. Two (8%) of 24 lesions were intraoperatively found outside the ovaries (a benign pedunculated necrotic/hemorrhagic uterine nodule and a benign hematosalpinx) and, therefore, were excluded from the data analysis. Benign lesions were found in nine (41%) of 22 target ovaries (four in left ovaries and five in right ovaries) with a mean size of 1.86 cm (range, 0.7 to 3.7 cm). Malignant lesions were present in 13 (59%) of 22 target ovaries (four in left ovaries and nine in right ovaries) with a mean size of 5.38 cm (range, 1.2 to 10.0 cm); one of the malignant lesions in the right ovary was not a primary ovarian lesion but a metastasis from a neuroendocrine GI tumor. Overall, KDR-targeted USMI and KDR IHC signals matched in 19 (86%) of 22 ovarian lesions (95% CI, 65% to 97%), including eight (89%) of the nine benign lesions Table 2 lists the histologic diagnoses of 18 (86%) of 21 breast target lesions and the findings of the corresponding surrounding control breast tissue superior and inferior to the target lesions. Three (14%) of 21 lesions were excluded from data analysis as a result of data storage issues (n = 1) or technical problems (n = 2) during the early technical optimization phase. Histology showed benign lesions in three (17%) of 18 and malignant lesions in 15 (83%) of 18 target breast tissues. In 26 (72%) of 36 breast tissues obtained superficially (n = 12) or deeply (n = 14) to the target lesions, histology showed normal breast tissue. In the remaining 10 (28%) of 36 tissues, the tissue samples collected were too close to the target lesions (, 2 cm) and hence were not analyzed. Overall, KDR-targeted USMI and KDR IHC signals matched in 16 (89%) of 18 breast lesions (95% CI, 89% to 99%), including in two (67%) of three benign lesions (95% CI, 9% to 99%) and 14 (93%) of 15 malignant lesions (95% CI, 68% to 99%). The one benign lesion without matching (a fibroadenoma) showed moderate KDR staining and no KDR-targeted USMI signal. Similarly, the one malignant lesion (ductal adenocarcinoma) without matching showed moderate KDR staining and no KDR-targeted USMI signal. Stationary KDR-targeted USMI signal was present in 14 (93%) of 15 malignant breast lesions (Figs 3A to 3E and 4A to 4I; Data Supplement). In one of the three benign lesions (fibrous mastopathy), there was strong targeted signal, whereas in the other two benign lesions (fibroadenomas), no KDRtargeted signal was seen (Figs 3F to 3J) . The mean size of the malignant lesions was 1.64 cm (range, 0.9 to 2.4 cm), whereas the mean size of the benign lesions was 1.83 cm (range, 1.5 to 2.0 cm). KDR staining matched in 26 (100%) of 26 tissues with no KDRtargeted USMI signal seen in the normal control breast tissue surrounding the target lesions. Mean SBR in malignant breast lesions was 1.96 (range, 1.25 to 5.27), whereas in the one benign lesion with strong KDR-targeted USMI signal (fibrous mastopathy), the SBR was 1.2. In 11 (79%) of 14 malignant lesions with strong signal enhancement, the mean SBR was 2.13 (range, 1.25 to 5.27), whereas in three (21%) of 14 malignant lesions with weak signal enhancement, the mean SBR was 1.34 (range, 1.25 to 1.4). In addition, when only the maximum SBR values for each patient were considered (the highest SBR value obtained at any time point after intravenous injection of MB KDR for each patient), the mean SBR of all 14 malignant lesions was 2.63 (range, 1.47 to 7.96).
Duration of USMI Signal
At 13 minutes after MB KDR injection, 23 (96%) of 24 ovarian and breast cancers could be seen on USMI (10 of 10 ovarian cancers and 13 of 14 breast cancers; Fig 4; Data Supplement), and USMI signal was detectable up to 29 minutes (the longest tested time point; Fig 4) . Increasing dosage did not show a significant difference (P = .91) on binding ability of microbubbles in both patient groups with breast and ovarian lesions. In addition, when the effect of dosage was evaluated against the binding duration, the duration of the KDR-targeted USMI signal was not significantly different (P = .91) among the three contrast dosing groups.
DISCUSSION
This study shows, for the first time to our knowledge, that USMI of KDR expression using MB KDR is safe and feasible in women with jco.org ovarian and breast lesions. KDR-targeted USMI signal matches well with KDR expression at IHC, and targeted signal could be seen up to 29 minutes after intravenous injection, the maximum time tested in this study. This study lays the foundation for further clinical development of USMI in oncologic imaging.
Overall, the safety profile of MB KDR was good, with mild or moderate self-resolving subjective adverse events considered related to the MB KDR administration in only three (6.7%) of 45 patients, which is within a comparable range of reported adverse event rates in controlled clinical trials using US Food and Drug Administration-approved, non-molecularly targeted contrast agents (16.8% for perflutren protein-type A microbubbles, 34 8.4% for perflutren lipid microbubbles, 35 and 5% for sulfur hexafluoride lipid-type A microbubbles 36 ). None of the experienced adverse events led to discontinuation of the study, and there were no abnormalities or significant changes or trends in vital signs, ECG, and measured laboratory tests. In addition, rates of adverse events were not increased at the higher tested doses. Because the rate of adverse events after MB KDR administration is also comparable to the reported rate for the nontargeted core microbubble BR38, 37 integrating binding ligands to the microbubble shell seems to be safe.
We also assessed the feasibility of USMI of KDR expression in ovarian and breast lesions using routine and clinically available ultrasound equipment and leveraging the unique resonating properties of microbubbles in an acoustic field at clinically used frequencies. [38] [39] [40] Except for 14% of patients with breast lesions in whom technical difficulties were encountered during the early technical optimization phase of the study, USMI was feasible in all subsequent patients. Quantification of breast lesion data suggested that the KDR-targeted USMI signal was up to approximately eightfold higher in breast cancer compared with surrounding normal breast tissue.
Our study also showed that KDR-targeted USMI signal matched well with histologic KDR expression in both ovarian and breast lesions, suggesting for the first time that USMI allows noninvasive assessment of KDR expression in patients. Because the KDR-positive signal was graded semiquantitatively using different Likert scales for USMI and histology, we acknowledge that our matching analysis only represents a trend; however, it is a promising trend. We also acknowledge that anatomically correlating histology sections with the ultrasound imaging planes was difficult in some cases, in particular in ovarian lesions with a cystic component where it was difficult to determine the exact imaging plane on histology. Ongoing developments in three-dimensional USMI [41] [42] [43] may overcome some of these challenges in future clinical trials.
Because the background signal from freely circulating nonbound targeted microbubbles decreases quickly by a rapid systemic clearance through the reticuloendothelial system, 44,45 the KDRtargeted USMI signal could be observed as early as 7 minutes after MB KDR administration in many patients, with 13 minutes being the optimal time point for 96% of ovarian and breast cancer lesions. This is a major advantage of USMI, making it an almost realtime bedside exam, compared with other emerging or existing molecular imaging techniques. 46 In addition, targeted imaging signal could be visualized for an average of 17 minutes in patients with ovarian or breast cancer (and possibly longer because we only tested up to 29 minutes after intravenous administration). This has additional practical significance because both ovaries and breasts (in particular, with the introduction of whole-breast imaging systems)
47,48 could be imaged with USMI after a single contrast agent injection in the future. Furthermore, ongoing technical developments will allow quasi-real-time assessment of targeted USMI signal without the need for waiting for nonbound contrast agent clearance, 49, 50 further improving the clinical workflow and efficiency of USMI.
We acknowledge that our exploratory study with inclusion of only a limited number of patients was not powered to assess whether KDR-targeted USMI allows accurate differentiation between malignant and benign lesions. In addition, although malignant breast lesions were classified uniformly as ductal adenocarcinoma, there was a wide variety of different benign and malignant histologic entities in patients with ovarian lesions, reflecting the known preoperative difficulty in characterizing ovarian lesions as a result of the lack of specific imaging or other types of biomarkers. Our results show a trend that USMI may be useful in differentiating malignant from benign lesions, thereby possibly reducing unnecessary biopsies or surgeries in the future. Future multicenter trials are needed to test this hypothesis.
In conclusion, our study shows the successful clinical translation of USMI with MB KDR , which is currently the only available clinical-grade molecularly targeted contrast agent. MB KDR has recently received Investigational New Drug approval from the US Food and Drug Administration to allow further clinical testing (ClinicalTrials.gov identifier: NCT02142608).
51
Targeted USMI is feasible and safe and allows for noninvasive detection of KDR expression in patients with ovarian and breast lesions. This strategy can be generalized to the detection and characterization of other cancers and to the use of other types of ultrasound contrast microbubbles targeted at other imaging biomarkers beyond KDR.
